This paper presents the numerical results for a Rotating Detonation (RD) propagating in a layer of combustible mixture, created by injection of gaseous hydrogen and oxygen. 3D Large Eddy Simulations (LES) of a reacting flow have been performed in a domain of planar geometry in order to eliminate possible effects of the chamber curvature. First, the results for a 2D case with uniformly distributed premixed injection are presented to characterize the RD propagation under the most idealized conditions. Then a 3D concept is introduced for the injector composed of injection elements, whose operation in the established regime was previously studied by the authors. The RD propagation is simulated under the conditions of premixed and separate injection of the propellants at globally stoichiometric proportions. The case of separate propellant injection is the most realistic one. The computational results, represented by instantaneous and averaged flowfields, are analyzed to point out the changes in the conditions of RD propagation induced by the injection through discrete holes with respect to the distributed one and by the switching between the premixed and separated modes of injection. Macroscopic quantities, such as the detonation propagation speed, mean chamber pressure, average parameters of the mixture, and mixture efficiency are evaluated and compared in order to characterize the studied effects.
Introduction
The interest in the rotating detonation (RD) to enhance rocket propulsion efficiency was already noticeable in the 1960s [1, 2, 3] . However the research activity in that field has strengthened in the last two decades with the possibility to perform complex unsteady numerical simulations which complement 5 the experimental work achieved to evaluate the feasibility and expected gain of Rotating Detonation Engine (RDE) concepts. The issues that must be tackled to bring these concepts to reality are summarized in different papers such as [4, 5, 6] . A large amount of experimental work has been carried out with the objective to clearly identify these issues and prepare technological solu- 10 tions. Different types of fuel and fuel-oxidizer mixtures have been tested, see for example [7, 8, 9, 10, 11] . In a first step, the rotating detonation is often studied in small combustion chambers but demonstration chambers are now in development or testing [12] . Semi-analytical and simple 0D models have been developed to evaluate the theoretical performance of RDE, as in [13, 14] . Even 15 if parametric studies are more complex with 2D/3D numerical tools, numerical simulations are now commonly used, as in [15, 16, 17, 18, 19, 14, 20, 21] , because they can depart from too simplifying assumptions and give a deep insight into the flow physics. Most of time the injection of a perfect fuel-oxidizer mixture was considered in the simulations. 20 Although the preparation of a homogeneous fuel-oxidizer mixture upstream of the combustion chamber is technically possible and helpful to ensure correct propagation of the RD, the premix injection can be troublesome: a deflagration initiated by the contact of fresh gases with hot gases, when the injection is blocked after the RD passage, may propagate upstream in the injector. An- 25 other risk is the detonation transmission through the injection holes. To avoid these two risks, one should respect some limitations related to the hole diam-2 eter. In case of deflagration, reducing the diameter provides an increase in thermal losses at walls, which leads to deflagration quenching. For detonation transmission, there also exists a critical diameter determined from the equality 30 between the hole perimeter and the detonation cell size. Below this particular diameter, detonation cannot propagate in the injection tubes. For example, for a stoichiometric hydrogen-oxygen mixture at a pressure of 1 MPa, the critical diameter is about 20 µm. Such a severe limitation would lead to important technological issues as well as high pressure losses. In fact, the only way to fully 35 prevent combustion from propagating inside the injector is to feed the oxidizer and fuel separately as in the practice of RD experiments. However, the necessity to mix the fresh propellants only inside the combustion chamber results in less favorable conditions for the RD propagation. For example, a propagation speed deficit amounting up to 20% with respect to the ideal Chapman-Jouguet 40 (CJ) detonation under premixed conditions has been found in the experiment described in [8] .
An evolution from a very idealistic to more realistic approach in simulation of propellant injection can be observed during the last decade. For example, in first 2D simulations, Zhdan [15] and Davidenko et al. [22] considered uniformly 45 distributed injection. Then, to account for the section variation from the injector to the chamber, slotted injection was used by Eude et al. [23] . Five different slotted injection patterns were simulated and compared by Liu et al. [24] .
Schwer et al. [25] analyzed the pressure feedback in the injector due to the detonation propagation over a series of holes. However, in the aforementioned 50 simulations the injected propellants were perfectly mixed. The work of Frolov et al. [26] is pionneering in the sense that a 3D simulation of a RD with a real geometry and separate injection of gaseous propellants could be carried out. In [27] , separate injection of H 2 and air is considered but only a cold flow simulation is presented in parallel with an extension of the "Induction- Separate injection is also considered in [28] but the simulation is nonreactive and the computational domain is reduced to a sector of an RDE annulus. Recently, 3 Cocks et al. [29] have also achieved 3D calculations of rotating detonations with separate injection in a configuration studied at the Air Force Research 60 Laboratory.
The authors of the present paper proposed in [30] a realistic manufacturable configuration for separate injection of gaseous hydrogen and oxygen, which was optimized using nonreactive unsteady 3D simulations. Considering the small number of contributions concerning the 3D simulation of RD with separate 65 injection of fuel and oxidizer, we present here, as an extention of our previous work, simulation results on the propagation of a RD over a row of optimised injection elements from [30] .
In section 2, the context of the study linked to the operation of a RDE is presented. In section 3, the computationnal approach is explained. Some 
RDE operation principle 85
Among possible configurations of RDE combustion chambers, the one with an annular cylindrical combustion chamber is considered in the present study. Fig.1 . The fuel and oxidizer (1) are fed through holes in the injection wall (2). After detonation initiation at the engine start, one or several detonation fronts (3) propagate in the layer 90 of combustible mixture (4) created by the propellant injection. The height of the detonation front, h, and the spatial period, l, between successive fronts are proportional and depend on the propellants and injection conditions. At a stable operation regime, the detonation waves propagate continuously in the same azimuthal direction thus having rotational motion about the chamber axis.
Its operation principle is schematically shown in
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The detonation waves induce oblique shocks (5) in the burnt gases. Combustion products generated by the detonation waves expand in the chamber and discharge through the open end (6) of the duct. 
Computational approach for RD simulation
Although the present paper is devoted to simulation and analysis of RD 100 propagation under realistic injection conditions, the chamber is considered in a very simple way with no relation to a particular geometry of the duct. The main reason for this is the intention to study the effects due to the injection without coupling them with the other ones, such as the effects due to the curvature of the annular passage and the viscous interaction on the cylindrical walls. It was 105 shown by Eude et al. [31] that the 3D flowfield in an annular chamber becomes close to the 2D flowfield if the mean radius of the annulus is sufficiently large with respect to the duct width (radial distance between the cylindrical walls), hence there will be no critical change in injector operation if used in a real chamber.
Another reason for duct geometry simplification is to limit the computational The detonation simulations considered in this paper were performed on a small computational domain with the following dimensions: l = 50 mm, L = 20 mm. The chosen period l is a lower estimation based on the approximate 125 relations, proposed by Bykovskii et al. [7] , for a detonation cell size on the order of 1 mm. The value of L is large enough for detonation propagation unaffected by the duct divergence; it is confirmed both experimentally [7] and numerically [22] that L = 2h is sufficient.
The injection conditions are defined as follows: the total temperature of both 130 propellants is 300 K; the global equivalence ratio is 1; the total mass flow rate per unit area of the chamber cross section is 100 kg/(s · m 2 ). Such conditions are relevant to ground testing of a model RDE.
All computational results presented in this paper were obtained using the CEDRE code [32, 33] , which is a CFD software developed at ONERA for numer-135 ical simulations in application to energetics and propulsion. CEDRE integrates several numerical solvers based on a finite-volume method for general unstructured meshes. In the frame of the present study, Navier-Stokes equations were solved to simulate a reactive flow of multispecies compressible gas. Flow turbulence is simulated using the LES approach with the Smagorinsky subgrid In the RD simulations presented below, the chemical kinetic model was active in the part of the computational domain above the injection wall, whereas in the injector zone, the gas mixture was treated as non-reactive. This was necessary in the case of premixed injection in order to prevent detonation propagation inside 160 the injector. It should be stressed that the premixed injection is considered here with the only purpose to identify the flowfield changes between the premixed and separate injection modes and not as a real operation mode.
Before performing RD simulations, several 1D test cases were run to define the numerical resolution necessary for correct simulation. Precise simulation show that combustion starts at about 30 µm behind the shock front. In the 175 CEDRE simulations with different grid steps ∆x = 10, 25, 50 and 100 µm, the induction zone behind the shock front is not resolved but even with the coarsest grid, the final CJ state is correctly predicted; it is also verified that the detonation speed corresponds to the theoretical value 2836 m/s. The grid step ∆x = 100 µm is the maximum allowable for detonation simulation with initial 180 conditions close to the chosen ones because the use of larger grid steps leads to an important deficit in detonation speed.
No particular model of combustion-turbulence interaction is used to treat the deflagration front at the contact surface between the fresh mixture and the burnt gases. To see to what extent the prediction of the deflagration speed will 185 be correct with the chosen gas model and grid resolution, 1D laminar flame simulations were performed. Although the deflagration front may be subject to complex 3D perturbations, these 1D simulations can give a first order prediction of the deflagration speed. Freely propagating flames in a H 2 − O 2 stoichiometric mixture with an initial temperature of 300 K were simulated at different pres-190 sures within the range corresponding to the variation along the fresh mixture layer in the RD simulations presented below. Reference results were obtained by the PREMIX code from CHEMKIN-II with a recently published chemical kinetic mechanism from the University of San Diego [34] , which was validated for H 2 /air premixed laminar flames [35] . A finely adapted grid and a detailed mod-195 eling of molecular transport were used in the PREMIX simulations to obtain accurate solutions. The CEDRE simulations of the flame propagation result in a stronger pressure dependence with respect to the PREMIX results due to the simplified modelling approach. As a summary of this comparative study, the deflagration speed predicted by CEDRE is overestimated by 27% at p = 200 2 MPa and underestimated by 24% at p = 1 MPa. Nevertheless, the error in the laminar flame speed is not crucial in the RD simulations because the rate of fresh mixture consumption by the deflagration is typically an order of magnitude smaller than that by the detonation.
RD in quasi-2D configuration with premixed injection 205
The present case is characterised by continuously distributed and fully premixed injection, which provides the most idealized conditions of the fresh mixture in the combustion chamber. The corresponding simulation results will be used as reference for comparison with the 3D results presented later for the injector with discrete holes. The geometrical configuration of this case is schemat- The temperature field is shown once again with the M y = 1 contour, above which the y-component of the flow velocity is supersonic. This contour delimits a wake-like narrow zone behind the oblique shock corresponding to the 240 layer of combustion products from deflagration. The static pressure field shows a smooth pressure variation in a wide range from the highest level behind the detonation front to the lowest one in front of the oblique shock. In the H-radical field, the deflagration is marked by the maximum level of H mass fraction. In the detonation front, the H peak is narrower and truncated by the coarse mesh The fresh mixture layer is analysed in a vertical cross section close to the detonation front. The layer height h = 4.95 mm is determined as the vertical distance between the injection wall and the deflagration front (H radical peak).
By integrating the mass flux in the moving reference frame attached to the 
Injection configuration for the 3D simulations
The injection configuration considered here for the 3D simulations of RD is 280 the one selected in [30] . It is a periodic pattern in both coordinate directions of unlike semi-impiging jets, which provides better mixing efficiency than purely impinging or sheared configurations, on the one hand, and than patterns with symmetric pairs of injection elements, on the other hand. Figure 7 shows two neighbouring injection elements in a row along the x-axis in order to illustrate 285 their layout on the injector face (2) in Fig.1 . The angle of the feeding pipes with the direction normal to the injector face is equal to 30°and the angle α between the two jets is 60°. The elliptical sections of the injection holes have parallel major axes. The angle β between the line passing through the centres of the ellipses and their major axes is equal to 45°. In order to avoid intersection 290 of the feeding pipes from neighbouring injection elements, each pair of pipes is set at the angle γ equal to 13°with respect to the x-axis as shown in Fig.7 .
In the RD simulations presented below, 21 injection elements are set in a single row along the x-axis by the same way as illustrated in Fig.7 . Each element occupies a square on the injector face and the total area of round injection holes d H2 = 0.71 mm and d O2 = 1 mm respectively, which is less by a factor √ 2 than in the configuration studied in [30] . This geometrical reduction is necessary to comply with the small size of the computational domain for RD simulation.
Smaller injection elements will normally improve propellant mixing close to the 300 injector face. The element dimensions along the x and z-axis are respectively 2.45 mm and 2.4 mm.
3D simulations of RD were carried out with the given injection configuration. Some specific cases of separate propellant injection were also simulated by varying the diameter of O 2 holes, d O2 , in order to study its influence on the 305 propellant mixing. These results are briefly described in section 8.
Numerical methodology for the 3D computations
Contrary to the 2D case presented above, 3D computations show much more perturbations in the flowfield due to the following factors: i) because of hydrodynamic instabilities, the mixing process itself produces highly turbulent flow close 310 to the injector face as shown by the detailed study on a single injection element
[30]; ii) imperfect mixing of the injected propellants and presence of burnt gases between the propellant jets result in a strong intermittency in terms of chemical composition and temperature in the fresh mixture layer, which perturbs the detonation front, thus resulting in a strongly nonuniform flow of combustion 315 products behind the detonation; iii) because of the short time period between successive passages of detonation fronts, acoustic perturbations generated by a given detonation will remain in the chamber and interact with the next one, thus contributing to the overall level of flow instabilities [23] . To simulate these instabilities in the 3D computations, the LES approach with the Smagorinsky 320 subgrid viscosity model is used. Because of the difficulty of properly simulating by LES the turbulent boundary layer on the walls of the injector feeding pipes of very small diameter, it was decided not to take into account the viscous interaction on the injector walls. It is supposed that the turbulence created in the chamber by the propellant injection is mainly driven by the interaction between 325 the entering propellant jets and the surrounding hot gases and is less dependent on the velocity profiles and turbulence in the feeding pipes.
The 3D computational domain, split into two subdomains representing the injector and the chamber with the divergent part, is shown in Fig.8 . The injector subdomain includes N inj = 21 injection elements set in a row along the x-axis 330 and a thin rectangular region above the injector face in the y-range from 0 to 0.2 mm. This rectangular region is introduced to provide a simpler geometrical connection between the two subdomains. As it was already mentioned, the flow is treated as non-reacting in the injector subdomain. In the case of separate propellant injection, it is also necessary to prevent some numerical issues, which 335 were encountered in preliminary computations when the detonation front passed over the injection holes. Since this non-reacting region is very thin, it has negligible effect on the detonation propagation and the reacting flow in the chamber.
The computational mesh is mainly composed of cubic cells of a given size, (4) and (5).
355
Finally, supersonic outflow conditions are imposed on the outlet boundary (7) . According to the strategy adopted for the present study, several cases were studied. These cases are identified in Tab.1. In the case designation, the 1 st digit represents the number of dimensions; the letter in second place identifies the mesh resolution ("C" stands for coarse, "F" for fine); the letter in third place defines the injection mode ("P" for premixed, "S" for separate). Case 2CP corresponds to the 2D simulation presented above whereas the other cases are 3D. Case 3CP is first simulated in order to study the effect of the 3D injector with discrete holes while keeping the same mesh resolution in the xy plane and injected composition as in Case 2CP. Then Case 3CS is simulated by 365 changing the injection mode from premixed to fully separate. Finally Case 3FS is considered to investigate the effect of the mesh resolution on the simulated flowfield. The simulation of Case 3CP is initialised using the following two steps: i) a non-reacting flow of premixed propellants with nominal injection conditions is 
where i, j and k are cell indices in the x, y and z directions respectively; K is the number of cells in the z-direction; q is the averaged quantity; ρ is the gas 395 density. The cell geometry is not used for averaging because of the Cartesian mesh with a uniform cell size. 
Time average
to which we apply the following periodic shift: 
between each pair of snapshots. To characterize the fresh mixture layer in front of the detonation wave, a con-420 trol volume is determined on the following coordinate extents. The x-range is defined from the detonation front position plus a small shift x min = x D + 0.3 mm, providing no perturbation from the front, to x max = x min + l/N inj , where l/N inj is the size of a single injection element. The y-range is defined from the injector face y min = 0 to a given y max , which is specified for each particular 425 treatment. The z-range from z min = 0 to z max = w covers the width of the chamber duct (w is also the z size of one element given in section 5). With this definition, the control volume is sliding along the injector face being always close to the detonation front. Flow parameters are averaged within the control volume for each snapshot by analogy with the spatial average described above.
430
Then temporal averaging is performed by calculating a mean of the spatially averaged values.
Definition of variables for the mixture visualization composition
Before analyzing the repartition of mixture components within the chamber flowfield, let us first introduce new parameters, which are designed for proper 435 visualization of the mixture composition. By analogy with the well-known mixture fraction, proportions of H 2 , O 2 and burnt gases (BG) in the gas mixture can be characterized by the following fractions: of dilution or burning of the fresh mixture. We can go further by introducing three more parameters defined by the following expressions:
Z H2,ex and Z O2,ex represent the excess of the respective propellants from the stoichiometric proportion whereas Z st is the fraction of both fresh propellants at stoichiometric proportion. One can verify that by definition Z H2,ex +Z O2,ex + 455 Z st = Z H2 + Z O2 . Z st is reduced in case of fresh mixture dilution with burnt gases, which is also important for proper characterization of the fresh mixture quality. The results on averaged fields presented below are obtained by space and time averaging of instantaneous fields of Z-parameters following the same averaging procedure as for the density (simple arithmetic average). of the x-axis. In particular in the case 3FS, the RD initially propagating in the opposite direction progressively degenerated and finally recovered the preferential direction. This particular case will not be discussed here in detail. All the 3D simulation results presented in the following sections are obtained for the RD propagation in the preferential direction. Case 2CP, the pressure is higher by a factor of 1.33 (less important flow expansion after detonation) and the static temperature is higher by 325 K (presence of combustion products). One can also note that the x-component of velocity has different signs: it is negative in Case 2CP (see Fig.11a ) mainly because of a positive x-wise pressure gradient in the fresh mixture layer; in spite of the same 545 factor also present in Case 3CP, the velocity sign is due to the orientation of the larger feeding tubes (see Fig.8 ), which creates an overall positive momentum of fresh mixture in the x direction (see Fig.11b ). An interesting fact is that, in 
Cases 3CS and 3FS: Separate injection
Only the results corresponding to an established flow in the chamber are discussed here because the transitory regimes from the initial condition are not 555 of particular interest. The averaged flowfields showed below were obtained from 60 snapshots with a sampling period of 1 µs. One can see from Tab.1 that Cases 3CS and 3FS are different only in terms of mesh resolution, whose effect on the simulation results need to be characterized. A brief analysis will be first made on this point before presenting the flowfield in detail. Figure 12 shows 560 instantaneous fields in the z mid-plane and averaged fields of static temperature for these two cases. By comparing the flowfields, one can see smaller turbulent structures in the instantaneous flowfield of Case 3FS due to the finer mesh resolution; on the other hand, the averaged fields have very similar topologies with minor differences of the temperature level in the corresponding zones.
565
The M y = 1 contour is plotted in these temperature fields and can be compared with the contours of Fig.5a for Case 2CP and Fig.10a, b for Case 3CP. To take advantage of finely resolved flowfield, the following results presented 580 in this section will correspond to Case 3FS. In addition to the static temperature fields of Case 3FS in Fig.12, Fig.13 shows instantaneous fields of static pressure and mass fractions of H and H 2 O in the z mid-plane together with averaged fields of the same quantities. In comparison with Case 3CP, the instantaneous flow structure in the fresh mixture layer is chaotic with more perturbed boundaries 585 of the propellant jets. The detonation front can be distinguished in the pressure fields; it is smeared in the averaged field indicating that the front shape is strongly perturbed both in space and time. Figure 13b Figure 16 shows the considered averaged fields, in which specific zones are delimited by black contour lines. The fresh mixture layer is It is now important to understand why the propellants are so strongly separated in the combustion chamber. By analyzing the evolution of propellant masses injected in the chamber on one period of RD, it is found an excess of H 2 during the first 4 µs of reinjection but then the propellant masses come to 660 stoichiometric proportions for the following 12 µs, as indicated in Fig.17 by the points corresponding to 100% area of O 2 orifices. Trying to eliminate this initial imbalance, simulations were also performed with O 2 injection orifices whose area was 80% of the nominal value in order to increase the injection pressure of O 2 (let us remind that the O 2 flow rate is imposed at the entrance of the injection These estimations show that not more than 18% of the injected propellant mass 690 is mixed and can be burnt by the detonation (the remaining part is however burnt by deflagration); nearly 70% of this mass remain unmixed due to the short time period between successive detonations and the effect of propellant separate injection; almost 15% of remaining mass is represented by burnt gases, which can be either residual from the previous detonation or generated by combustion 695 of mixed fresh propellants. The results on P w become clear from the comparison of the pressure profiles on the injector wall deduced of the averaged flowfields as shown in Fig.18 . The pressure profile of Case 3CP has a 50% lower peak with a quick drop behind the detonation followed by a slight increase on the interval 0.6 < x/l < 0.73 and a further smooth decrease on x/l < 0.6; the observed pressure increase after the 730 main peak is due to transverse shocks, which are caused by detonation front perturbations when the detonation crosses heterogeneities in the fresh mixture layer. The profiles of Cases 3CS and 3FS are almost coincident without any sharp peak because, on the one hand, the zone of highest pressure is situated at a certain distance from the wall and, on the other hand, the pressure peak 735 is smeared by shock front perturbations; the pressure decrease is quite gradual behind the detonation probably due to distributed heat release from the burning gas pockets. Figure 18 : Pressure profiles on the injector wall from the averaged flowfields.
Conclusion
A numerical study has been carried out providing an important set of sim- 
